Introduction
Arctic sea ice has declined substantially over the past decades and record minima in its extent have been reached in September 2007 (e.g. Parkinson and Comiso 2013 . This raises the question as to whether these changes have far-field impacts on the weather and climate of the Northern Hemisphere middle latitudes (see review papers Budikova 2009; Bader et al. 2011; Vihma 2014; Walsh 2014; Cohen et al. 2014 and references therein) .
The influence of Arctic sea ice on mid-latitude climate has been addressed by evaluating observation data (e.g. Overland et al. 2011; Francis and Vavrus 2012; Jaiser et al. 2012; Tang et al. 2013) and by performing idealized experiments with atmospheric models (e.g. Deser et al. 2007 Deser et al. , 2010 Semmler et al. 2012; Peings and Magnusdottir 2014) .
Previous studies have shown that even though the Arctic sea ice extent declined most strongly in summer the atmospheric response is strongest during winter. From the review paper by Vihma (2014) it becomes clear that most previous studies focused on the lagged impact of summer/ autumn sea ice conditions on the winter large scale circulation while Semmler et al. (2012) and Tang et al. (2013) argue that changes in the meridional winter surface temperature gradient and the associated baroclinicity are important influencing factors. A reduced Arctic summer and autumn sea ice extent favours a higher winter geopotential Abstract In order to understand the influence of a thinner Arctic sea ice on the wintertime atmosphere, idealized ensemble experiments with increased sea ice surface temperature have been carried out with the Integrated Forecast System of the European Centre for Medium-Range Weather Forecasts. The focus is on the fast atmospheric response to a sudden "thinning" of Arctic sea ice to disentangle the role of various different processes. We found that boundary layer turbulence is the most important process that distributes anomalous heat vertically. Anomalous longwave radiation plays an important role within the first few days before temperatures in the lower troposphere had time to adjust. The dynamic response tends to balance that due to boundary layer turbulence while cloud processes and convection play only a minor role. Overall the response of the atmospheric large-scale circulation is relatively small with up to 2 hPa in the mean sea level pressure during the first 15 days; the quasi-equilibrium response reached in the second and third month of the integration is about twice as large. During the first few days the response tends to be baroclinic in the whole Arctic. Already after a few days an anti-cyclonic equivalent-barotropic response develops over north-western Siberia and north-eastern Europe. The structure resembles very much that of the atmospheric equilibrium response indicating that fast tropospheric processes such as fewer quasi-barotropic cyclones entering this continental area are key opposed to slower processes such as University of Bremen, Bremen, Germany height in the free troposphere over the Arctic and weakened westerly flow over the mid-latitudes (Jaiser et al. 2012) . A warmer Arctic winter surface temperature consistent with less sea ice has actually been shown to have a similar effect (Semmler et al. 2012) . Regarding the lagged response, Blüthgen et al. (2012) do not see any significant large-scale circulation changes in atmospheric model simulations prescribing the record low Arctic sea ice concentrations from 2007 and associated Arctic and sub-Arctic sea surface temperatures. While progress in our understanding of Arctic sea ice decline on the middle latitudes has certainly been made, challenges remain. Observational studies, for example, suffer from relatively short time series of reliable satellite measurements of Arctic sea ice extent. Furthermore, it is difficult from observations alone to disentangle cause and effect. In principle, models can and have been used to carry out controlled experiments. However, models are far from perfect in representing atmospheric key features such as Arctic boundary layer inversions and micro-physics. Furthermore, from model studies of the equilibrium response to Arctic sea ice decline it is difficult to understand the physics behind the reponse. This is because in long integrations various processes had time to interact, possibly over vast distances.
In order to get a better understanding of the atmospheric reponse to changes in model formulation or external forcing, Rodwell and Jung (2008) have proposed to study the fast atmospheric response (hours to days) together with the more commonly considered equilibrium response (several months). They argue that by looking at the fast atmospheric adjustment taking different dynamical and physical processes into account, a more thorough understanding of the response can be gained. Here we follow this approach by focussing on the fast atmospheric adjustment to a sudden surface temperature forcing that effectively mimics a decrease in Arctic sea ice thickness.
It should be mentioned that a similar approach has been employed by Deser et al. (2007) , they consider the transient seasonal atmospheric adjustment to SST and sea ice extent anomalies restricted to the northern North Atlantic. Diabatic heating of the lower troposphere is found to be associated with surface heat flux anomalies generated by the imposed thermal forcing. This generates a baroclinic response during the first two to three weeks, after which the response becomes mostly equivalent-barotropic. The equilibrium response is reached after 2-2.5 months.
Most previous modelling studies have concentrated on the impact of reduced sea ice extent. However, it is not only the ice extent and concentration but also thickness of Arctic sea ice which has declined substantially over the last few decades (Kwok and Rothrock 2009) . Reduced sea ice thickness leads to increased near-surface air temperatures due to an enhanced flux of heat from the relatively warm ocean through the sea ice into the atmosphere. Here we consider the atmospheric response to reduced sea ice thickness all over the Arctic in order to study this effect on the atmospheric circulation. To our knowledge the only previous study focussing on the atmospheric impact of pan-Arctic sea ice thickness reduction is that by Gerdes (2006) .
In summary, our study differs from most previous studies in three aspects: Firstly, we investigate the impacts of thinner Arctic sea ice as opposed to reduced Arctic sea ice extent on the Arctic and Northern mid-latitude atmosphere. Secondly, we focus on the fast response to winter as opposed to summer/autumn sea ice conditions excluding any processes acting on longer time scales. Thirdly, instead of studying only the equilibrium response from long climate integrations as has been done in most previous studies, we consider the fast adjustment as well, including the first few time steps of the integration. This enables us to study physical mechanisms of the transient response to a sudden thinning of Arctic sea ice until the equilibrium response is reached. Differences in initial temperature tendencies are split into different physical processes (dynamics, boundary layer turbulence, radiation, large-scale precipitation and convective precipiation) to gain a more thorough physical understanding of the atmospheric response.
The paper is organized as follows: Sect. 2 details the model simulations and Sect. 3 describes results of the main set of 15-and 90-day model ensemble simulations. Discussion and conclusions with regard to previous studies are given in Sect. 4.
Methods
We used a recent version (cycle 37r3) of the Integrated Forecasting System (IFS), an operational weather forecast model developed at the European Centre for MediumRange Weather Forecasts (ECMWF), for our experiments. The model was run with a time step of 1 h at a spectral resolution of T L 159, which corresponds to a horizontal resolution of about 125 km, with 91 irregularly spaced vertical levels extending up to 0.01 hPa.
15-day forecast experiments were initialized on the 15th of December, 15th of January and 15th of February at 00, 06, 12 and 18 UTC for each of the years from 1979 to 2012, respectively, using ERA-Interim reanalysis data (Dee et al. 2011) . This resulted in an ensemble of 408 pairs. Each pair consists of a control (CTL) and a reduced sea ice thickness (RED) simulation. The ensemble mean difference represents the response. In order to provide more detailed insight into the atmospheric response to reduced Arctic sea ice thickness, temperature tendencies due to different physical processes such as vertical diffusion, radiation, dynamics, convective and large-scale precipitation were postprocessed and archived.
In order to get the quasi-equilibrium response, we initialized additional pairs of 90 day forecast experiments at 00 UTC on the 1st and 15th of November, December and January for each of the years from 1979 to 2012, respectively. This resulted in an ensemble of 204 pairs. Due to data storage limitations temperature tendencies in these long simulations were not archived. For the rest of the paper, results are shown from the 15-day forecast experiments whenever only the first 15 days or a part of them are considered. When 30 days or more are considered, results from the 90-day forecast experiments are shown.
In the CTL simulations we prescribed the sea surface temperature (SST), sea ice surface temperature (SIST) and sea ice concentration from ERA-Interim data. In the RED simulations we increased the SIST by 10 K throughout the duration of the simulations to reflect a thinning of the sea ice and/or an increased fraction of leads. If the freezing point of sea ice had been exceeded by this SIST increase, SIST has been set to the freezing point of sea water. The prescribed mean surface temperature forcing, i.e. the ensemble difference RED minus CTL simulations, is shown in Fig. 1 .
For typical Arctic sea ice thicknesses of 1-2 m this surface temperature difference resembles a reduction of Arctic sea ice thickness by about 60-70 % if leaving out any other influencing factors. This can be derived from the equilibrium response study by Semmler et al. (2012) when considering their winter average Arctic SIST and their residual surface energy budget from the reference and reduced sea ice simulations. Comparable, if not larger sea ice thickness reductions are simulated in coupled model experiments for the end of this century compared to the end of last century with a medium to high radiative forcing (e.g. Deser et al. 2010) .
Another possible way how a 10 K SIST increase could be realized is through larger leads or a combination of thinner sea ice and larger leads. According to Lüpkes et al. (2008) , for sea ice concentrations of more than 90 % commonly observed in winter in the Arctic, small increases in the fraction of leads can lead to substantial temperature increases. Furthermore, a 10 K near-surface Arctic Ocean winter temperature increase is typically simulated for the end of this century in state-of-the art coupled climate model simulations from the Coupled Model Intercomparison Project 5 (CMIP5) with a medium to high radiative forcing (e.g. Koenigk et al. 2013; Vavrus et al. 2012) .
Notice that our study and the one by Semmler et al. (2012) are unique in the sense that SIST is specified; in other studies the SIST freely develops through the surface energy balance.
Results
To start with, Fig. 2 shows the development of zonally averaged mean temperature anomalies over a 15 day period after the sudden thinning of the Arctic sea ice along with climatological mean values from the CTL simulation. A temperature response of moderate amplitude (2-2.5 K) spreads throughout the Arctic boundary layer within the first day of the experiment. After that the near surface response further increases until saturation is reached 5-10 days into the integration at a value of about 6 K. The temperature response slowly "propagates" into the free troposphere over the Arctic with values reaching 0.5-2 K after 10 days or so. The temperature response is such as to decrease the meridional temperature gradient north of about 60 • N. Notice, that this is way north of the main baroclinic zones in the storm formation regions of the North Atlantic and North Pacific suggesting that the fast atmospheric response to Arctic sea ice thinning has a minor influence on the midlatitude storm tracks. Given the strong height dependence of the temperature response, our results also highlight the importance of properly representing Arctic boundary layer processes in models. Figure 3 shows how temperature tendencies of different atmospheric processes in the boundary layer respond to reduced sea ice thickness during the first 5 days of the simulation. The tendencies for days 6-10 and 11-15 are not shown since they are very similar to the ones for days 1-5. The first thing to notice is that vertical diffusion (i.e. boundary layer turbulence) and radiation are the major contributors to the boundary layer warming during the first 6 h of the simulation (Fig. 3, left column) . This can be explained by the warmer surface which leads to anomalous upward turbulent heat flux and longwave radiation; 6 h into the integration, the dynamics, convection and large-scale precipitation all play a negligible role.
A different picture emerges beyond 6 h. Most notably, 1-5 days into the integration the dynamics (i.e. temperature advection) is starting to play an increasingly important role in balancing the anomalous temperature tendencies due to vertical diffusion. Both equatorward and poleward temperature advection in the boundary layer around the ice edge becomes weaker (negative and positive, respectively) due to the reduced temperature contrast between sea ice and open water (Fig. 3h-i) . The associated reduction in turbulent sensible heat flux out of the ocean is consistent with a reduced heating due to vertical diffusion (Fig. 3c) . The reduction of the radiative heating response further into the integration results from the fact that the increasingly warmer air starts to emit more longwave radiation which counteracts the anomalous radiative heating from below.
Throughout the first 5 days anomalous temperature tendencies due to convection and large-scale precipitation are relatively small and associated with the ice edge zone where the meridional temperature gradient is changed. Generally, thinner Arctic sea ice is accompanied by more convective heating and less large-scale precipitation. This is especially true north of the ice edge which is plausible due to the reduced stability. Above the boundary layer qualitatively similar anomalous tendencies are simulated but they are one order of magnitude smaller than in the boundary layer (not shown). It makes sense that changes are largely restricted to the boundary layer because of the strong vertical stability in winter.
Changes in the near-surface and mid-troposphere largescale circulation are shown in Figs. 4 and 5, respectively. Increased SIST causes a negative mean sea level pressure anomaly along with a positive anomaly in the 500 hPa geopotential height over the Arctic sea ice area. While the negative mean sea level pressure anomaly develops very quickly and starts to diminish after 15 days over the Eastern Arctic, the positive 500 hPa geopotential height anomaly slowly builds up over the course of the 90 days. The initial baroclinic response is consistent with what would be expected from an anomalous near-surface heating.
Interestingly, already within the first 5 days a positive equivalent-barotropic atmospheric response develops in some areas including north-western Siberia, northern Europe, the north-eastern North Atlantic, and the northeastern North Pacific. However, the barotropic response is still relatively small albeit significant at the 95 % level. While over the north-eastern North Pacific, northern Europe, and the north-eastern North Atlantic the barotropic response becomes insignificant and even changes sign over the north-eastern North Pacific, the positive anticyclonic barotropic response over north-western Siberia remains robust over the entire 90 days.
Next we turn our attention to the impacts of a sudden sea ice thinning on synoptic activity. Here, the approach of Jung (2005) is used, which is based on taking the standard deviation of 1-day changes of 500 hPa geopotential height. The results for CTL (Fig. 6a) compare well with corresponding results for ERA-40 reanalysis data (Jung 2005 ,   Fig. 2 Mean vertical temperature profiles for CTL (black contour lines), interval 4 [ • C]) and differences (colour shading, [K] ) between RED and CTL averaged over a the first 6 h, b the first day, c over the first 2 days, d days 1-5, e days 6-10 and f days 11-15. Differences are only shown when they are significant at the 95 % level according to a Wilcoxon test their Fig. 12 ). The response of synoptic activity in RED to a sudden thinning of the Arctic sea ice can be inferred from Fig. 7 . Generally, a decrease in synoptic activity can be found which is strongest over the central Arctic and extends into sub-Arctic areas. This decrease intensifies over time.
Two competing effects could influence the change in synoptic activity. Firstly, according to the Eady index (Eady 1949) , reduced static stability potentially leads to increased synoptic activity. Secondly, the reduced meridional temperature gradient between 60-80°N should lead to 
reduced synoptic activity-even though the largest temperature changes occur in the boundary layer. The maximum Eady growth rate from the ensemble of CTL simulations is shown in Fig. 6b , the response of the maximum Eady growth rate to the thin Arctic sea ice in Fig. 8 . In the first 5 days there is a significant positive response in the the negative synoptic activity response shows that the Eady growth index is not a good measure to describe synoptic activity for the sea ice-covered Arctic. In the areas adjacent and 850 hPa based on 6-hourly data (day −1 ) according to Eady (1949) , and c E vector (m 2 /s 2 , vector arrows) and its divergence (m/s 2 , colour shading) for highpass transients at 250 hPa according to Hoskins et al. (1983) in the ensemble of CTL simulations for forecast days 1-15. For details see text to the Arctic sea ice a negative response in maximum Eady growth rate develops. It becomes significant after about 15 days especially over north-western Siberia, northern Europe, the north-eastern North Atlantic, and north-western North America. The first three areas are the areas where an anticyclonic barotropic atmospheric circulation response is found.
There is another, perhaps less obvious explanation for the change in synoptic activity, which has to do with the fact that high-latitude synoptic activity in the IFS is sensitive to the cloud microphysics used (Jung et al. 2010 ). Due to the strong changes in the Arctic boundary layer in RED compared to CTL the relative importance of the cloud microphysical scheme might change which in turn might alter Arctic cyclone activity.
An important question is whether anomalous eddy mean flow interaction could cause some of the simulated largescale circulation responses. Figure 6c shows the E vector for highpass transients according to Hoskins et al. (1983) along with its divergence in the CTL simulations and Fig. 9 the response in the thin Arctic sea ice experiments. In the CTL simulations the North Pacific and North Atlantic storm tracks in which wave energy propagates from the west to the east into the continental areas (E vectors) and intensifies the jet stream due to the eddy mean flow interaction (E-vector divergence) can clearly be identified. Regarding the response to the thinner Arctic sea ice, the changes in divergence are very noisy and hence it is not possible to identify a substantial pattern change in the eddy mean flow interaction. The wave energy propagation seems to be reduced over the north-eastern North Pacific in the first 15 days and accelerated afterwards. Note that also the barotropic circulation response changes sign from anticyclonic to cyclonic after the first 15 days. Over the north-eastern North Atlantic the wave propagation is reduced during the entire 90 days which may explain the anticyclonic barotropic response in this area and downstream of it.
Discussion and conclusions
There have been numerous recent studies on the influence of Arctic sea ice decline on the atmospheric circulation. Our study differs from most previous ones in three respects. Firstly, the atmospheric response to reduced sea ice thickness rather than area is studied-meaning that a forcing is applied all over the Arctic as opposed to only in the vicinity of the sea ice edge. Secondly, the emphasis is on the fast atmospheric response within the winter season leaving out processes operating on longer time scale. We argue that relatively fast atmospheric processes are capable of invoking a large-scale response. Thirdly, we include a diagnosis of the model's physical processes during the transient adjustment. We argue that this setup helps to unravel the dynamical and physical mechanisms underlying the atmospheric response.
The fast response to reduced Arctic sea ice thickness is largest in the Arctic boundary layer; in the free atmosphere and in the middle latitudes the response is relatively weak Fig. 8 Change in the maximum eady growth rate between 500 and 850 hPa based on 6-hourly data (day −1 ) for RED compared to CTL, forecast days a 1-5, b 1-15, c 1-30 and d 31-90. Stippled areas are significant at the 95 % level according to a Wilcoxon test. Values are only shown for grid points where the Earth's surface is below 1500 m above sea level to exclude unrealistic values due to extrapolation compared to the background level of variability. The relatively weak temperature response in the free atmosphere is presumably a result of strong decoupling due to the presence of a stable boundary layer. The temperature in the Arctic boundary layer responds very quickly to a sudden decline in Arctic sea ice thickness. In this uncoupled setup, saturation of the temperature response has been approximately reached as early as a few days into the integration.
Our results highlight the importance of Arctic boundary layer processes in keeping the response of the large-scale atmospheric circulation to a very strong surface forcing rather limited. In this respect it is a matter of concern that atmospheric circulation models still show substantial shortcomings in simulating stable boundary layers (Holtslag et al. 2013) ; this is also true for high-resolution weather prediction models which are known to possess too diffusive boundary layers (Sandu et al. 2013) .
Our results agree with those by Deser et al. (2010) in the sense that in a quasi-equilibrium state boundary layer turbulence is the most important process in terms of transferring the anomalous surface heat upward and that this effect is balanced by anomalous temperature advection. The fast atmospheric response after 1 day to a sudden thinning of the Arctic sea ice, however, is quite different showing strong anomalous positive temperature tendencies in the Arctic boundary layer due to enhanced longwave radiation from the surface; further into the integration the anomalous temperature tendency due to radiation starts to reduce which is in agreement with results from the equilibrium simulation of Deser et al. (2010) who find a comparably small longwave radiation contribution to the total anomalous temperature tendency.
The main difference between this study and the one by Deser et al. (2010) lies in the fact that in our experiments convective and large scale precipitation plays a minor role, whereas the condensational temperature tendency response is sizable in the latter study. Whether this discrepancy results from the fact that different models are used and/or whether the different experimental setup (reponse to only sea ice thickness reduction versus combined sea ice extent and sea ice thickness reduction) contributes remains to be shown. To resolve this issue conclusively a more coordinated modelling approach would be needed.
In line with the study by Deser et al. (2007) , which considers the initial response to positive SST and negative sea ice extent anomalies in the North Atlantic sector, the imposed thermal surface forcing leads to a diabatic heating of the lower troposphere. Likewise, a baroclinic response with negative mean sea level pressure anomalies and positive 500 hPa geopotential height anomalies can be seen in the first few days when the temperature response is still developing. However, due to the thinning of the sea ice over the entire Arctic our initial baroclinic response is not restricted to the sea ice edge but occurs over the entire Arctic-with an emphasis on the western Arctic presumably due to the asymmetry in the land-sea distribution. After a few days, a positive equivalent-barotropic response starts to develop in regions where there is no thermal surface , colour shading) for highpass transients at 250 hPa according to Hoskins et al. (1983) for RED compared to CTL, forecast days a 1-5, b 1-15, c 1-30 and d forcing, in our case over north-western Siberia, north-eastern Europe and the north-eastern North Atlantic.
Our response is a result of a reduction of the meridional temperature gradient only north of about 60 • N rather than also in the Northern mid-latitudes as implied by Francis and Vavrus (2012) , Jaiser et al. (2012) and other studies based on reanalysis data. We find that reduced winter sea ice thickness goes along with a decrease in the meridional temperature gradient at high latitudes and therefore reduced synoptic activity; the maximum Eady growth rate between 500 and 850 hPa slightly increases due to slightly reduced static stability but this increase is not reflected in the level of synoptic activity. Reduced synoptic activity is consistent with a decreased storminess reported by Seierstad and Bader (2009) . The changes already arise after a few days into the integration and are largely restricted to the Arctic itself. The positions of the major storm tracks over the North Atlantic and North Pacific remain unaffected, at least up to about 15 days into the integration. Over continental areas such as north-western Siberia and north-eastern Europe the majority of cyclones is quasi-barotropic. Reduced wave energy propagation associated with synoptic eddies from the northeastern North Atlantic into Northern Europe and northwestern Siberia could lead to fewer cyclones and therefore the large-scale anticyclonic equivalent-barotropic response. These results are consistent with Tang et al. (2013) who studied the impact of decreased winter sea ice from reanalysis data and showed that fast purely tropospheric responses such as fewer cyclones within the winter season can cause the described large-scale circulation changes.
A positive equivalent-barotropic response over northwestern Siberia and north-eastern Europe has also been found in idealized equilibrium experiments by Semmler et al. (2012) , Deser et al. (2010) and Gerdes (2006) and seems to be a robust feature during the whole winter. A relatively weak and inconsistent response over the North Atlantic and North Pacific along with a larger response over the Northern Hemisphere continents is consistent with the results of Jung et al. (2014) from sub-seasonal forecast experiments with and without relaxation of the Arctic atmosphere towards reanalysis data.
Various other previous studies such as Petoukhov and Semenov (2010) , Liu et al. (2012) , Orsolini et al. (2012) , Jaiser et al. (2012) and Jaiser et al. (2013) link changes in winter circulation with low August/September sea ice concentration. They argue that the winter circulation is affected by modified planetary wave activity caused by the low August/ September sea ice concentration which may impact stratosphere circulation that may in turn propagate down to the troposphere. Downward propagation of stratospheric anomalies happens on a time scale of weeks (Baldwin and Dunkerton 2001) and two-way stratosphere-troposphere interactions even on a time scale of weeks to months (e.g. Cohen et al. 2009; Petoukhov and Semenov 2010; Orsolini et al. 2012) . Walsh (2014) note that the Arctic-midlatitude linkage through the stratosphere is still not firmly established. Furthermore, Blüthgen et al. (2012) do not note any significant large-scale circulation changes in atmospheric model simulations with 2007 Arctic sea ice and sea surface temperature conditions.
Our results suggest that it is not necessary to invoke large-scale processes such as stratosphere-troposphere interaction to cause large-scale winter circulation changes but that relatively fast tropospheric processes with a time scale of only a few days are sufficient. One could think that in such a case it is not possible to benefit from predictability of Northern mid-latitude large scale winter circulation due to late summer/autumn sea ice conditions. A link might still be present, however, because the winter sea ice itself may show some predictability based on the late summer/autumn sea ice. Furthermore, the results show that the response amplifies over the course of the 90 days. This leaves some room for relatively slow atmospheric processes such as troposphere-stratosphere interactions to play a role in intensifying the response-our results imply, however, that fast atmospheric processes are key in initiating the response.
